We have developed and experimentally tested a novel computational approach for the de novo design of hydrophobic cores. A pair of computer programs has been written, the first of which creates a "custom" rotamer library for potential hydrophobic residues, based on the backbone structure of the protein of interest. The second program uses a genetic algorithm to globally optimize for a low energy core sequence and structure, using the custom rotamer library as input. Success of the programs in predicting the sequences of native proteins indicates that they should be effective tools for protein design.
Considerable effort has been directed toward the de novo design of protein sequences that will fold into a predetermined 3D topology (DeGrado et al., 1991; Betz et al., 1993) . In general, the results of these studies suggest that the desired protein architectures can be achieved with relatively simple design rules, as demonstrated by the minimalist design approach and the more recently reported binary patterning strategy (DeGrado et al., 1989; Hecht et al., 1990;  Kamtekar et al., 1993) . These approaches rely heavily on the idea of a "hydrophobic insidehydrophilic outside" placement of amino acid types along the target structure. Additional design features often include the introduction of potential electrostatic interactions to promote secondary structure formation, secondary structural propensities, or modest consideration of specific packing interactions within the hydrophobic core.
The common result of most design attempts has been a protein that contains significant amounts of the desired secondary structure and that appears to fold into an approximately correct topology (Raleigh & DeGrado, 1992;  Handel et al., 1993;  Reprint requests to: John R. Desjarlais, 206 Stanley Hall, University of California at Berkeley, Berkeley, California 94720; e-mail: johnd@ paradise1 .berkeley.edu. Munson et al., 1994) . However, a protein has yet to be designed that possesses all of the characteristics of a natural protein. Unlike most natural proteins, designed proteins generally lack a well-defined and uniquely structured folded state. These proteins usually display weak cooperativity in their unfolding transitions and poorly dispersed NMR spectra. Because of the poorly structured nature of these proteins, determination of high-resolution structures for these molecules has also been hampered. The consensus emerging from these studies is that the designed proteins are lacking the specific interactions necessary to stabilize the folded protein into a single, structurally unique state. Further design attempts have incorporated this thinking via the introduction of disulfide bonds (Quinn et al., 1994; Yan & Erickson, 1994) , metal binding sites (Regan & Clarke, 1990; Handel et al., 1993) , or specific packing interactions (Raleigh & DeGrado, 1992) . These designs often show an improvement toward nativelike behavior, but complete success remains elusive.
A common suspicion is that the specific packing interactions observed in structures of natural proteins (Richards, 1977) are not sufficiently present in designed proteins, and that the addition of these interactions, if possible, might lead to a higher degree of specificity for the folded state. The development of several computer programs for the design of well-packed hydro-phobic cores (Ponder & Richards, 1987; Hellinga & Richards, 1994; Kono & Doi, 1994) and their success in predicting the core sequences of natural proteins suggest that rational design of hydrophobic cores is indeed possible.
We wish to investigate the impact of the design of the hydrophobic core sequences on the uniqueness and stability of designed proteins. To this end, we have developed a computational approach that overcomes some of the limitations of earlier methods. Importantly, we test the approach experimentally by making and characterizing several predicted variants of a natural protein. As a stringent test of our algorithms, we have focused on some variants that bear little resemblance to the native hydrophobic core sequence. Our results demonstrate that the rational de novo design of hydrophobic cores is possible, and emphasize the importance of packing interactions in stabilizing the folded conformation of a protein. An assessment of the agreement between the 3D structures of these variants and their predicted structures awaits further study.
Results

Description of programs
The first and simpler of the two programs executes a search for low-energy rotamers of a subset of hydrophobic amino acids ( V , I, L, F, A, and sometimes W) at each core position of the protein of interest. The energies (see the Materials and methods) are evaluated against the complete input structure, which includes the backbone structure as well as non-core side chains. We refer to the output of this search as a"custom-made"rotamer library, where a separate library is created for each position of interest. The advantage of this approach is that the rotamer set chosen for each position reflects the particular atomic details of the template structure. This represents a major departure from existing methods that use a library of rotamers derived statistically from structures in the Protein Data Bank (Ponder & Richards, 1987) . Importantly, it can be shown that the rotamer distributions derived from the program for model secondary structures (a-helix and @-strand) closely resemble those derived statistically (McGregor et al., 1987) . Given this consistency, we assume that the computer search also accurately reflects the energetics of side-chain conformers in regions of nonstandard secondary structure, which often show significantly different profiles of energetically favorable rotamer distributions.
A custom rotamer set for a single amino acid side chain can consist of up to 18 members (see the Materials and methods for more details). Given this set size for five or six hydrophobic sidechain types, and a core consisting of 10-20 positions, finding an optimal core sequence and structure is a problem of significant combinatorial complexity: for a small protein with 10 core positions, more than 10" structural solutions exist with roughly 10" sequence combinations. To deal with this, we have developed a second program, called ROC (repacking of cores), which uses a genetic algorithm to search efficiently through sequencerotamer space.
Genetic algorithms are a class of optimization techniques, based on concepts derived from biological evolution, which have shown great promise in dealing with problems of significant complexity (Holland, 1992) . This type of optimization is different from the more common approach of Monte Carlo sampling, where typically a single test solution is derived in each new cycle by random mutation of an existing solution and evaluated by some criterion for acceptance as a new solution. In contrast, a genetic algorithm involves an "evolving" population of solutions where new populations are generated as a result of mutation and recombination of the solutions within the existing population. In our case, a solution consists of a single residuehotamer combination for each core position. Taken together with the fixed input structure of the backbone and non-core side chains, a solution contains the information necessary to construct a model structure for the whole test protein, the energy of which can then be evaluated. The evolution begins with a collection of model structures whose core sequence and structure are randomly chosen. According to the calculated energy of each structure, recombination probabilities are assigned to each solution such that solutions encoding lower energy structures will recombine more frequently. Recombinations are carried out at randomly chosen crossover points according to these probabilities. Because a solution encodes a complete model structure, a recombination is equivalent to swapping segments of two model structures upstream or downstream from a chosen crossover point within the backbone (leading to two new solutions). After a subsequent round of random mutation of side-chain conformation or identity, the new population is evaluated and the cycle begins anew. This process is typically repeated several hundred times in order to assure complete convergence of the population to a single species.
Prediction of core sequence
The first test of such a design program should be its success in predicting the sequences of natural proteins. Experimental studies have shown that, for a given protein, many core sequences may exist that yield stably folded functionally active proteins (Lim & Sauer, 1989; Richards & Lim, 1993) . Thus, it is not expected that the native sequence be predicted exactly. However, sequences resembling the native to some extent are expected if the program is to be useful for protein design. Ideally, the program would report several different sequences consistent with the target structure. These sequences could then be compared to each other using a number of criteria, including calculated energetic components, the sizes and distribution of cavities, and visual inspection. The original algorithm, which was designed to converge to the same sequence and structure for each run, was modified in order to encourage convergence to a different sequence for each run. This was accomplished using small perturbations to the energetics used within the genetic algorithm. Typically, for 100 runs of the program, between 20 and 80 different sequences are generated, depending on the particular test protein.
A set of four proteins was chosen to demonstrate the validity of the program. Included in the set are two proteins with a large number of core positions. Two points should be noted regarding prediction of larger core sequences. First, the statistical difficulty of correctly predicting the native sequence increases exponentially with the number of core positions. Second, cores of this size have been difficult to deal with using existing algorithms, because of the inability of exhaustive search procedures to examine all possibilities in a reasonable amount of time and the potential difficulty of determining a global minimum using nonexhaustive search methods. Figure 1 shows partial outputs for the four test proteins. As a simplification, we show only the five lowest energy sequences out of a total of 100 runs. The prediction success is variable, but the results on some of the proteins are quite promising. Also note that, although buried volume (Richards, 1977) was not included as an explicit constraint, the volumes of the sequences predicted are close to the native volume. The high degree of sim-
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ilarity in the total energies indicates the subtlety involved in determining an optimal core sequence. Underneath each of the partial sequence sets we show a consensus for the entire set: the two most frequent residues in each position are included, but only if the second residue is found in more than 20% of the runs. With this constraint, all positions can be narrowed down to one or two possible residue types. Even after this reduction, the wildtype residue is frequently included in the consensus. In general, although perfect sequence prediction is not achieved, the sequences predicted are very similar to the native, especially when compared to the low similarity seen with a set of sequences generated randomly with a native-like volume constraint (not shown).
As an additional test of sequence prediction, we have simulated genetic experiments that were performed on the proteins X repressor and T4 lysozyme (Lim & Sauer, 1989; Baldwin et al., 1993) . In both studies, five out of a larger set of core residues were subject to genetic mutation and functional sequences were collected by selection. Our simulations allow the same five residues to be mutated in each case, but also allow the conformation of the surrounding core side chains to vary, because this may affect the range of permitted sequences. The results of the simulations are shown in Figure 2 . The sequences found in our simulation for X repressor bear a strong resemblance to several of those found to be fully or partially functional by genetic selection. The best scoring sequence for h repressor is one residue different from the native sequence and is identical to one of the fully functional mutations. In the case of T4 lysozyme, our Figure 1 , except here the identities of only those core residues that were subject to mutation in the actual genetic experiments were allowed to vary, whereas only the conformation of the surrounding core residues is allowed to vary. A: The five lowest energy sequences predicted for the core of h repressor. Listed below these are several genetically selected fully (F) or partially (P) functional sequences (Lim & Sauer, 1989 ) that are identical or highly similar to the computer-selected sequences. B: The five lowest energy sequences predicted for the core of T4 lysozyme. None of the sequences match the six reported selected sequences (Baldwin et al., 1993) . although there are some similarities.
predicted sequences bear only modest resemblance to the six reported functional variants, although this is perhaps not unexpected for such a small comparison set. One limitation of our program is that it does not allow for changes in backbone conformation to accommodate mutations. Because this does occur in the genetically selected proteins, it may limit the agreement between the genetic and computationally derived sequences (Baldwin et al., 1993; Lim et al., 1994) . Although reasonable sequence prediction is obviously important, correct prediction of the spatial orientation of the core residues is also expected if our methodology is to be confirmed. In Figure 3 we show the predicted structure of the lowest energy core sequence for the major cold shock protein compared to the crystal structure of the native protein. Even though this particular model has three sequence differences from the native, it is difficult to distinguish the structures. Interestingly, experimental studies of core variants have shown that in many cases the orientations of mutated side chains are preserved even when the sequence is altered (Baldwin et al., 1993) . 
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Redesign of a natural protein core: 434 cro
The result that the core sequences and structures are well predicted for a number of proteins implies that the program could indeed be applied to the de novo design of a protein core. To test this, we chose to redesign the hydrophobic core of a natural protein as a first step toward computationally driven total de novo design. An important aspect of this approach is that it allows us to compare critically the structure, dynamics, and stability of the designed cores to the native core.
We chose the cro protein from bacteriophage 434 as an initial experimental system for several reasons. (1) 434 cro is a small protein with a single contiguous hydrophobic core. (2) It does not rely on disulfide bonds or metal binding for stability. (3) The small size of this protein makes it feasible to construct whole genes out of a small number of synthetic oligonucleotides. (4) Because the native protein itself is not substantially stable, this protein serves as a stringent test of the success of designed core sequences. (5) The small size should facilitate eventual structure determination of variants by NMR. (6) As a DNA-binding protein, it can be tested for preservation of specific binding to its natural DNA sequence (future work).
The program was run using the crystal structure of 434 cro protein (2CRO) as input . AU non-core side chains were present, being an important constraint for predicting core sequences compatible with a natural molecule. Figure 4 shows the complete output of core sequences for 100 runs of the program on 434 cro. For this protein, the native sequence is not predicted. There are, however, a number of sequences very similar to the native. The most consistent differences in sequence from the native core are the replacement of the first two leucines with isoleucines and the replacement of cysteine in position 54 with valine. Cysteine was not included in the original run of the program, but even when included as a possible residue in this position, valine was found to be preferred. Several sequences also bear a strong resemblance to the core sequence of 434 repressor protein. This is not surprising given the strong homology between 434 cro and repressor proteins. A comparison of the crystal structure of 434 repressor (1R69) with that of 434 cro indicates that the structures themselves are indeed extremely similar, with a backbone RMSD of less than 1 A . Particularly comforting is the fact that the equivalent of cro position 54 in 434 repressor contains a valine instead of a cysteine. Also note that the first two core positions in repressor are isoleucine and valine, more closely resembling sequences found in the output generated for 434 cro.
A useful feature of the multiple sequence output is the recurrence of a number of sequences. This implies that these particular sequences are less sensitive to small changes in the energetic parameters used within the program. Along with the energy output for each sequence, the number of occurrences serves as an additional criterion for choosing a particular sequence. Using these parameters and visual inspection as a guide, we chose to make the proteins corresponding to three of the sequence variants from the list in Figure 4 .
A sequence with high occurrence and low energy should serve as the best test of the potential application of the program for de novo protein design. This is particularly important given that the native sequence is not predicted. For this reason, we chose sequence number 2, which has a low total energy, a low pack- E,,,,) and the contributions of side-$hain-backbone (E,-,]) and side-chain-side-chain (E,.,) energies (arbitrary units) are reported, as well as the volume difference (A') from the native. The integer n is the number o f occurrences of a particular sequence in the total of 100 runs. Not shown are the energies of interaction of core side chains with non-core side chains, which can be derived from the other terms. ing energy (indicated by the side-chain-side-chain energy term), and a high frequency of occurrence. Sequence number 4 might also have been chosen; it differs by one residue from sequence 2, but the difference represents a slight loss in volume, as well as one less change in sequence relative to the native protein. These two sequences together represent one-third of all occurrences. We will refer to the protein corresponding to sequence number 2 as D-5, meaning a designed sequence with five differences from the native sequence. Figure 5B shows the core structure of the variant D-5. Also shown is a comparison of the model structure for the variant C-1 versus the crystal structure (Fig. 5A) , demonstrating the accuracy of the structure prediction for the native core.
We have also made a D-7 and a D-8 protein that were chosen for different reasons. First, they both bear little resemblance to the native core sequence. D-7 was chosen because it represents one of many similar sequences, all of which contain a phenylalanine in position 8, and complementary valines in positions 22 and 33. This class of sequences all have low side-chainside-chain energies as well as low side-chain-backbone energies. D-8 was made because it had a very low side-chain-side-chain energy but a much higher side-chain-backbone energy. The idea was to test the possibility that if good packing is possible, the backbone will relax slightly to accommodate any side-chainbackbone strain. D-7 and D-8 also incorporate an aromatic residue into a core that originally contained only aliphatic side chains.
Three control proteins were also produced. The first, R-6 (random with six differences from native), has a hydrophobic core that was chosen randomly using the single constraint that the core maintain a volume close to that of the native sequence.
This particular sequence is a good control because it has fewer differences from the native protein than two of our designs, has a very high energy, and is conserved in volume, It thus serves as a strong test of the importance of packing, as well as our ability to distinguish good from bad sequences. As a positive control and native sequence standard, the protein C-1 was made with a valine substituted for cysteine in position 54 (see the Materials and methods). Finally, it has been hypothesized that the increased rotameric freedom of a collection of leucine side chains (McCregor et al., 1987) leads to a more dynamic folded state (Handel et al., 1993) . Thus, with the intent of creating a dynamic model system, the "minimalist" protein M-5 was made with Ieucines in most core positions (DeGrado et al., 1989) . However, in order to preserve native-like volume, the conserved valine and tryptophan residues were retained.
The core sequences of all experimental 434 cro variants are shown in Figure 6 along with calculated energies of each variant. Although the variants C-1, R-6, and M-5 were not derived originally from the program, calculated energies for these sequences can be determined by restricting the program to each of the individual sequences for a number of runs. In order to properly compare all of the test sequences, the designed sequences were also subjected to the same number of runs with their sequences fixed. As seen in Figure 6 , the randomly generThe absence of the native sequence in the predictions for 434 ated core sequence has a high energy compared to the other varicro is slightly disconcerting. However, the energies shown in Figants . To ensure that this was not an unusual occurrence, several ure 6, where the C-1 variant can be taken as representative of random sequences were run through the program and were all the native sequence, indicate that the native sequence is judged determined to have comparatively high energies (not shown).
to be of comparatively higher energy using our current set of pa- , and the number of differences between a given sequence and the native (e.g., D-5 = designed with five differences from native). Residues different from the native sequence are boxed. In order to compare the different sequences accurately and to evaluate sequences that were not part of the original output, the program was run 40 times while restricted to each individual sequence, resulting in a range of energies for each. For simplicity, we show only the lowest value of each energy term found for all runs. Different terms are therefore not mutually consistent. Experimentally determined melting temperatures ("C) are also reported for each sequence (see Fig. 7 ).
rameters. This is also true if the side-chain torsion angles are derived directly from the crystal structure and input into our program. These observations and a similar trend with other proteins suggest that the current potential could be improved. However, the similarity of many of the designed sequences to the native, as well as the experimental results that follow, suggest that the current potential is reasonably accurate.
Thermal stability and cooperativity of 434 cro variants
Thermal denaturation of each of the variants was monitored using the change in CD signal at 222 nm as a function of temperature. These data, corrected for sloping baselines, are shown in Figure 7 as apparent fractions of unfolded protein.
As the data clearly demonstrate, two of the designed proteins (D-5 and D-8) are of comparable thermal stability to the C-1 native control. In fact, the high occurrence, low energy protein D-5 is actually more thermally stable than the native control. The proteins D-7 and M-5, however, are both significantly destabilized relative to the native and are fighting a balance between hot and cold denaturation. This behavior, surprising at first, is completely predictable assuming two-state unfolding characteristics and a heat capacity change consistent with the small size of this protein.
The most dramatic result is that the R-6 protein, which has a randomly chosen hydrophobic core, is completely unfolded under these conditions. Most designed proteins do not exhibit cooperative thermal un- tein is slightly more cooperative than the others. This is confirmed by curve-fitting analysis of the thermal denaturation data, which reveals that the C-1 protein has the most substantial van't Hoff enthalpy value (Table 1) .
In attempts to observe full thermal denaturation profiles for all of the variants, we repeated the thermal denaturation experiments in the presence of 40% glycerol, a strong renaturant. These data are shown in Figure 8 , again as apparent fractions of unfolded protein. All of the proteins, including the R-6 variant, can be fully folded under these conditions. Surprisingly, all of the proteins seem to possess an approximately equivalent amount of cooperativity in these transitions. This includes the minimalist protein M-5 and the random control protein R-6, neither of which was designed with respect to specific packing interactions. Again, the C-1 protein exhibits a slightly more cooperative unfolding transition than the designs. In general, the glycerol data are completely consistent with the water data, both qualitatively and quantitatively: van't Hoff enthalpy values and melting temperatures are both well correlated (not shown). This indicates that the presence of glycerol leads to the desired stabilization without significantly affecting the relative order of stabilities or the relative levels of cooperativity observed.
Under conditions at which all of the variants are close to being fully folded, there are no significant differences in the CD spectra taken in the range of 200-300 nm (data not shown). This is consistent with all of the variants having a folded structure similar to the native protein.
ID NMR of selected 434 cro variants
Designed proteins typically have very poorly dispersed and broadened N M R spectra due to a combination of exchange broadening and chemical shift averaging caused by a dynamic folded state. 1D N M R provides a qualitative characterization of the behavior of the 434 cro variants that is complementary to that provided by thermal unfolding cooperativity. We collected ID proton N M R spectra for the three representative 434 cro variants C-1, D-8, and M-5 at 7 "C, where the variant M-5 is maximally folded. These data are shown in Figure 9 .
The N M R spectra are surprising in that all of the spectra are reasonably well dispersed relative to the spectrum obtained for glycerol. Data are plotted as described in Figure 6 . Note the observable folding of the variant R-6 and the same relative order of thermal stabilities as in Figure 6 .
the native C-1. This implies that for these representative variants, the folded state is well ordered. Although this interpretation is not quantitative, the level of dispersion seen for all three variants is much higher than that observed for a typical de novodesigned protein. This is potentially surprising for the variant M-5, which might have been expected to fold into a highly dynamic structure. These observations are consistent with the interpretation of the cooperativity of thermal denaturation determined for all of the variants. Of the three variants examined by NMR, only D-8 has an aromatic residue included in the hydrophobic core. An intriguing feature of the NMR spectrum of D-8 are two apparent ring current shifted methyl groups below 0 ppm. These resonances are absent in either of the other spectra, suggesting that the phenylalanine in position 4 of D-8 is uniquely placed in the folded structure. Based on the model structure of D-8, we suggest that the shifted resonances are from protons within the methyi groups of leucine 36. The variant D-8 and the native C-1 protein also share an upfield-shifted amide proton resonance found beyond 11 ppm, whereas M-5 contains no resonance at this frequency. This suggests the possibility that the local structure of that amide proton is not preserved in " 5 .
Discussion
This study was initiated to examine the impact of hydrophobic core design on the thermodynamic and structural behavior of a protein. An integral component of such an examination is, of course, the assessment of our ability to design a hydrophobic core that compares favorably to a hydrophobic core selected by natural evolution. Although several computer programs designed for this purpose have been reported, we are aware of only one experimental application of such a program, in which a fraction of the total core was redesigned (Hurley et al., 1992 ). Here we have presented a newly developed set of programs that are appropriate for the design of hydrophobic cores consisting of a large number of residues. Because the intended use of the pro- The asterisk marks a smallmolecule impurity seen in all of the spectra. The large arrow in B marks a potentially ring current-shifted methyl group that is absent in A and C . There is also a smaller peak upfield of this one that is difficult to see in the figure. Small arrows in A and B mark an unusually downfieldshifted amide resonance (also difficult to observe).
grams is in application to de novo protein design, we apply the program simultaneously to all core residues. To assess this potential, several designed and control sequences for the core of 434 cro have been characterized experimentally. Three aspects of the design of hydrophobic cores are important in the de novo design process. First, the core sequence must be compatible with the target structure of the protein. Second, the core sequence must confer optimal stability to the folded state of the protein. Finally, the core should be consistent with a uniquely folded state by being inconsistent with other folded states. Here "other folded states" does not refer to gross changes in global topology but rather significant excursions of atomic coordinates from the average structure.
The effect of hydrophobic core mutations on the stability of proteins has been a subject of intensive study (Sandberg & Ter-williger, 1989; Shortle et al., 1990; Lim & Sauer, 1991; Eriksson et al., 1992 Eriksson et al., , 1993 Lim et al., 1992; Jackson et al., 1993) and is well covered in a recent review by Richards and Lim (1993 (Sandberg & Terwilliger, 1989) . Because most previous studies have focused on, at most, five mutations in a hydrophobic core (Lim & Sauer, 1989; Baldwin et al., 1993) , the data presented herein serve to extend these observations to include substitutions in a larger number of core positions. A recent report describes the use of existing patterns in the protein Rop to guide replacements in the hydrophobic core, resulting in a few proteins with a very large number of substitutions (Munson et al., 1994) . These guided substitutions generally lead to an impressive increase in the thermal stability of the protein but a slight decrease in the stability determined using chemical denaturation.
The variants characterized in this report contain different numbers of potentially disruptive mutations as well as moderately different volumes. The important differences between variants are the extent to which packing requirements were used in their design. The randomly designed variant R-6 consists solely of conservative volume mutations but contains four disruptive mutations. This protein is shown to be completely unfolded in water; further experiments in 40% glycerol imply that this variant is severely destabilized relative to the native protein. Different effects are seen for the minimalist design " 5 , which consists predominantly of leucine core residues, but also contains four potentially disruptive mutations. This protein is significantly destabilized but not nearly to the same extent as R-6. It is possible that the ability of leucines to adopt a large number of side-chain conformations reduces the impact of the four disruptive mutations. At another extreme, it may have been expected that the presence of many leucines in a hydrophobic core would lead to a more dynamic folded state and a high stability due to an increase in conformational entropy. This influence, if present, is apparently not sufficient to overcome the loss of stability due to the lack of good packing interactions.
All of the designed variants contain at least four potentially disruptive mutations. The variant D-5, which contains four disruptive mutations, is more thermally stable than the native c-1.
The variant D-8 has eight mutations relative to the native, six of which are potentially disruptive mutations. This protein is only slightly destabilized relative to the native, which is surprising given the number of substitutions. D-8, as well as D-5, was designed with respect to packing interactions, suggesting that packing geometries significantly different from that of the native can b e successfully engineered using our computational approach.
The remaining variant D-7 contains six potentially disruptive mutations and was also designed computationally. Indeed, it Scores extremely well in our program as being both well packed and having low energy side-chain orientations relative to the backbone. This protein, however, is significantly destabilized relative to the native and is even slightly less stable than the minimalist variant "5. It is unclear why this is so. It is possible that factors such as secondary structural propensities influence the stability of the variant D-7, especially considering the presence of two extra valines in a-helical positions.
Our program, written with van der Waals' potentials alone, was created as a method for selecting potentially permissive sequences from a very large sequence space but only as a crude predictive tool for the energetics of variants. Given the current level of understanding of effects such as secondary structure propensities in buried positions, side-chain entropy loss upon burial, effects of mutations on the denatured state, and other effects, it is impossible to account for more detailed differences in the experimentally determined stabilities of these proteins. This view was confirmed in earlier studies (Hurley et al., 1992) , where energy minimization, helical propensity, buried surface areas, and side-chain entropy loss were all included in the calculated energies. The authors noted that no correlation is seen between observed and calculated stabilities. In a different study, empirical weights for energetic parameters were derived from a large database of experimental energies (Wilson et al., 1991 ). The derived weights were then used to successfully design mutants of 0-lytic protease with altered substrate specificity. Similar attempts on 434 cro variants would require a much larger set of variants than that presented herein. Finally, the lack of detailed knowledge about the unfolded state may be particularly relevant in the case of 434 cro, as the homologous 434 repressor has been shown to contain residual structure in the ureainduced unfolded state (Neri et al., 1992) .
A potentially major contribution to the inaccuracy of the energetic calculations is the fixed backbone assumption used in the current version of our program. The ability of the backbone to relax to accommodate hydrophobic core mutations is now well documented (Eriksson et al., 1992 (Eriksson et al., , 1993 Baldwin et al., 1993; Lim et al., 1994) . The effects of this relaxation on the energetics are not accounted for in the calculated energies of the different variants. The fixed backbone assumption is an acknowledged limitation of any existing hydrophobic core design methodology. in the current study, we are designing novel cores for an existing backbone structure, using a simple set of potentials for selecting permissive sequences. I t is doubtful that overcoming fixed backbone limitations would significantly increase the success of our predictions. For de novo design efforts, however, where an exact backbone structure may be unknown, a methodology that allows backbone variation may be extremely important. In light of this concern, it is promising that the variant D-8, which was selected on the basis of good packing but unimpressive side-chain-backbone energies, leads to a stable folded structure. This suggests that selecting sequences based on good packing with only reasonable side-chain-backbone energies will be a useful trick for de novo design efforts, especially if combined iteratively with energy minimization methods.
The effect of hydrophobic core design on the uniqueness of the folded structure is difficult to determine at this point. The surprising result of our studies is that all of the variants exhibit approximately equal amounts of cooperativity in their thermal unfolding transitions. Consistent with this, high amounts of dispersion are seen in proton NMR spectra collected for variants representing designed and nondesigned sequences. This is in stark contrast to the low levels of dispersion present in a typical de novo-designed protein (Handel et al., 1993) . In the absence of any other data, one might conclude from these observations that rational hydrophobic core design is unnecessary for specifying uniqueness of the folded state. We suggest the alternative conclusion that uniqueness is overdetermined in natural proteins. Hence, there may be enough information in the non-core sequence to enforce uniqueness of structure at the current level of observation. If this is the case, de novo design efforts to incorporate non-core tertiary interactions involving hydrogen bonds, electrostatic interactions, and other specific interactions are well placed. On the other hand, in a total de novo design scenario, hydrophobic core design may in fact contribute significantly to reducing the number of folded conformations.
A reasonable conclusion from the data discussed above is that the expectations of the program have been fulfilled. In general, sequences selected by our program as permissive lead to stable folded structures, whereas sequences designed with very crude criteria are not generally successful. Indeed, the variant D-5, based on a strongly selected sequence, appears to have a stability greater than that of the native protein. In addition, a large number of substitutions are shown to be tolerated in the case of the variant D-8, where specific packing interactions are modeled explicitly.
Although stability may be a loose correlate of structural integrity, structural studies are necessary to define the true extent to which the variants differ in structure from the native protein and the extent to which they match our computer predictions. The present study raises the following questions. Do the designed variants have structures more similar to the native structure? Are the designed variants functionally active as DNA binding proteins? And how do the dynamics of the variants compare? These questions will be addressed in future structure and function studies of these partially designed proteins. The computational efforts presented herein are intended as a first test of packing predictability; structural characterization of the variants described will hopefully lead to an improvement of the current methodology.
Materials and methods
Program descriptions
The first of the programs, called NBSEARCH, is given an input structure in Protein Data Bank format, a list of core positions chosen by visual inspection of the structure, and a list of potential residue types (typically V, 1, L, F, and W) to search through for each position. The search is done exhaustively through all reasonable values of the side-chain torsion angles x 1 and x 2 at 5" increments. The allowed ranges for x1 in degrees are 50-90, 125-225, and 250-325. Those for x2 are 25-120, 125-220, and 240-285. For selection of side-chain conformers out of these searches, only the six lowest energy orientations within each x 1 range are retained. This selective retention represents the major decrease in the number of allowed conformers. For completeness, we have typically supplemented the custom library with a statistically derived rotamer library (Tuffery et al., 1991) . In general, however, this does not significantly affect the performance of the program: most of the final rotamer values chosen using the program ROC (see below) are directly from our custom library. This is presumably a result of the custom fit of our rotamer values to a given backbone position together with a finer sampling level. Because methionine residues have three dihedral angles, custom searches are impractical. Thus, for the genetic simulations described in Figure 2 , the methionine rotamer values were derived solely from the statistical library. Side-chain geometries, atomic parameters, and energetic potentials are equivalent between the two programs. Side chains with defined torsion angles are built by subroutines within each program, using bond length and bond angle geometries as defined within the molecular modeling program INSIGHT I1 (Biosym Technologies, San Diego, California). Hydrogen atoms are included explicitly, except for methyl group hydrogens. In this case, a united atom centered at the carbon atom was found to give better results. Hydrogen atoms were added to the crystal structure using the program INSIGHT 11. Atomic parameters for all atom types are listed in Table 2 . Parameters were originally taken from Hagler (Dauber & Hagler, 1980) . Two empirical adjustments were made to the parameters. First, a uniform reduction in atomic radius was applied. The choice of this reduction parameter was the one that gave the best overall qualitative agreement of rotamer probabilities within a model a-helix and 0-strand to those derived statistically from a set of protein structures (McGregor et al., 1987) . Second, a standard energetic adjustment for the placement of a given residue type into a position was defined. A search within the standard torsion angle ranges (defined above) was conducted for each residue within a model a-helix; a standard adjustment was defined as the amount required to bring the energy of the lowest energy orientation to a zero value. Further minor adjustments were made empirically, using subjective evaluation of prediction success on a set of protein structures as criteria (different from the test proteins described in Fig. 1 ) . Additional adjustments to phenylalanine atomic parameters were judged by the same criteria.
Nonbonded energies between atoms i and; are defined by the following standard functional forms:
where R,, R, and e;, eJ are the van der Waals' radii and well depth, respectively, for atoms i and;, and d is the distance be- tween atoms i and j . The E term is capped at 100, and interactions outside of 8 A are neglected.
The second program, called ROC, reads an input structure in PDB format, a list of core positions, residues to be included in the search for each core position, and a rotamer library customized for each position (output from the first program). The program then first evaluates all potential side-chain-backbone energies and all potential side-chain-side-chain energies. Optimization for a low energy core sequence/structure is then achieved using a genetic algorithm (Holland, 1992) . Briefly, a population of strings of information, each string encoding a complete model structure, is created at each round of the genetic algorithm. Although the original population is created randomly, each subsequent population is generated by recombination between strings in the current round. This is performed such that strings encoding model structures with lower energies recombine most frequently with other strings with low energies. This weighted recombination is the selection pressure for "evolution'' of strings encoding the best model structures. The force field dictating the "fitness" of each structure can be thought of as the "environment" in which the strings are selected to survive. The encoding of model structures into strings is trivial for the current problem: each bit in the string encodes a given residue type with defined torsion angles. The location of the bit within the string is related to the core position. The input rotamer library for each core position is thus a list of residue/torsion possibilities for the string location corresponding to the core position. An inversion operator within the genetic algorithm encourages different linear orderings of the bits, allowing the potential for genetic "linkage" between pairs of bits.
A typical run of the genetic algorithm is for 500 rounds of recombination, inversion, and mutation, resulting in convergence to a single sequence/structure. Usually 100 supercycles (one supercycle = one run of 500 rounds) are done in order to generate multiple outputs. To encourage different output for each new supercycle, two perturbations to the calculated energies are made. First, the weight of the side-chain-side-chain energies relative to the side-chain-backbone energies is made incrementally larger as the supercycles progress, up to a factor of two for the final supercycle. Second, for each new supercycle, a random energy perturbation of up to 0.5 energy units is made to each possible rotamer throughout all rotamer libraries. After completion of all supercycles, these energetic perturbations are filtered out to yield the "true" calculated energies of all final sequences/ structures, where all energy terms are equally weighted and no random perturbations are included. A typical run of 100 supercycles of 500 rounds each takes 1-3 h to run on a 150-MHz R4400 processor of a Silicon Graphics Indigo2 computer. Output consists of a report of the sequence, rotamer values, and the "perturbed" and "true" energies for the final sequencelstructure of each supercycle. Additional output includes a table of all unique sequences, the number of occurrences of each sequence, and the lowest energy found for each energy term throughout all occurrences of a particular sequence. A final program has been written that creates a model structure directly from any of the output sequencehotamer lists and the input structure.
Construction of 434 cro variant genes
Synthetic genes encoding each of the 434 cro variant proteins were constructed individually from a set of 6 synthetic oligonucleotides, based predominantly on the wild-type 434 cro gene sequence, with the addition of a cysteine codon (for eventual chemical cleavage) preceding the methionine start codon. The ligated synthetic genes were subcloned into a system for expression of a fusion protein between the 434 cro variant and the insoluble protein LE'. This system was derived from the vector pTrpLE' (Kleid et ai., 1981) , which contains the LE' gene expressed from a Trp promoter. We adapted the LE' fusion into a T7 RNA polymerase system by subcloning the LE' gene into the vector pGS (Alexander et al., 1992) .
Expression and purification of 434 cro variants
LE'-434 cro fusion proteins were produced in BL21-pLysS (Studier et al., 1990 ) Escherichia colicells, using 0.5 mM IPTG for induction of protein expression. Cells were collected by centrifugation typically after 3-4 h of growth postinduction and frozen at -80 "C. Cells were lysed by thawing and the addition of 0.1 Vo Triton-X 100. The insoluble fusion protein was purified as described (Kleid et al., 1981) . 434 cro or variants were then separated from the fusion protein using a chemical cleavage at cysteine residues (Jacobson et al., 1973) . This cleavage method necessitated the replacement of the wild-type cysteine residue at position 54 with a valine.
Fusion protein was solubilized in a solution of 6 M urea (USB) and 0.1 M Tris-acetate, pH 8.0. Approximately 0. I g of 2-nitro-5-thiocyanobenzoic acid (Sigma) were added to the solution, which was then incubated at room temperature for 30 min to 1 h. The pH of this solution was then raised to 9.5 by the addition of NaOH, and the solution was incubated overnight at 37 "C to enhance cleavage.
The resulting solution was then loaded onto a column containing approximately 20 mL of SP-Sephadex C-25 resin (Pharmacia) equilibrated in 6 M urea, 50 mM Tris, pH 8.0, 50 mM NaCI. The column was washed with 60 mL of the same buffer. The column containing 434 cro protein was then washed with 50 mM Tris, pH 8.0, 50 mM NaCl to remove the urea. Finally, 434 cro protein was eluted with 50 mM Tris, pH 8.0, 0.8 M NaCl. The eluted 434 cro protein was further purified by reversephase HPLC on a Vydac C-18 semipreparative column.
CD and thermal denaturation
All C D experiments were performed on an Aviv 62DS CD spectrometer. Samples were prepared in 10 mM Tris, pH 7.0, or in the case of the glycerol experiments, in 10 mM Tris, pH 7.0,4oVo glycerol. Spectra were collected at 1-or 2-nm increments across the range 200-300 nm, with a typical signal averaging time of 10-20 s.
Thermal denaturation experiments were performed at 1 or 2 "C temperature increments, with an equilibration time of 1 min, and a typical signal averaging time of 20 s. Unfolding of protein was detected by monitoring the CD signal at 222 nm.
Thermal denaturation profiles were fitted, assuming a twostate equilibrium, to the following equation 
I D NMR
NMR spectra were collected on a 600-MHz DMX spectrometer equipped with 3-axis pulsed field gradients on samples that were approximately 200 p M in 90% H20/10% D20, pH 6.0. Onedimensional spectra were recorded at 7 "C as the first slice of a NOESY sequence with essentially no mixing time ( 5 p s ) and a WATERGATE (Sklenar et al., 1993) pulse train as the read pulse to enhance water suppression. Data were collected with I K complex points, apodized with a 90"-shifted sine bell, and zero-filled to 2K points prior to Fourier transformation.
